Objective: We proposed that angiotensin converting enzyme (ACE) inhibitor therapy would alter systemic vascular resistance (SVR) during rewarming and increase the requirement for vasoactive drugs in the immediate post-bypass period. Methods: Sixty-five sequential adult patients undergoing cardiac surgical procedures requiring hypothermic (28°C) cardiopulmonary bypass (CPB) were recruited. Sixtytwo fitted the inclusion criteria of which 21 were receiving ACE inhibitors prior to surgery. SVR was calculated at 1 min intervals during the rewarming phase of hypothermic CPB. The use of vasoactive drugs during and immediately after termination of CPB was recorded. The doctor administering these drugs was unaware of the nature of the study. Results: Mean SVR in the ACE group was 978 dyne/s per cm 5 and in the control group was 1194 dyne/s per cm 5 (P = 0.006). Mean arterial pressure was 48.8 mmHg in the ACE group and 56.3 mmHg in the control group (P = 0.004). There was a significant difference in vasoactive drug requirements between the groups (P Ͻ 0.01). There was no statistically significant difference in age, weight, body mass index, body surface area, theatre temperature, core temperature at which rewarming started, rate and time of rewarming, haematocrit on bypass or preoperative left ventricular function. Conclusion: Preoperative ACE inhibitor therapy decreases SVR during the rewarming phase of CPB and increases post-bypass vasoactive drug requirements.
Introduction
The renin-angiotensin system is a major determinant of vascular tone. Activation of this system in the rewarming phase of hypothermic cardiopulmonary bypass (CPB) increases systemic vascular resistance (SVR) [1, 2] . Blockade of this system by angiotensin converting enzyme (ACE) inhibition reduces SVR [3, 4] . Preoperative therapy with ACE inhibitors is associated with hypotension immediately following CPB and increased vasoconstrictor requirements [5, 6] .
We proposed patients on preoperative oral ACE inhibitors would have lower systemic vascular resistance during cardiopulmonary bypass. For the first time, measurements of SVR during the rewarming phase of CPB have been made in these patients. Vasoconstrictor requirements in the immediate post-bypass period are also documented.
Materials and methods
Sixty-five patients undergoing elective coronary artery bypass grafting and/or valve replacement were studied in sequence. This number was calculated from a pilot study examining SVR in ACE and control patients, aiming to give the final study a power Ͼ0.80. Three patients in whom ACE inhibitors were stopped in the week preceding surgery or who required intravenous infusions of inotropes or vasoconstrictors prior to, or during CPB were excluded. Therapy with vasoactive drugs (ACE inhibitors, nitrates, b-blockers, calcium channel antagonists) was defined as the administration of these drugs for at least 5 days prior to surgery. All drugs were administered prior to surgery as usual, except b-blockers which were omitted if the pulse rate was below 50 b.p.m. Other chronically administered drugs (diuretics, digoxin, amiodarone) were given as usual until surgery.
Patients received lorazepam 2 mg p.o. 2 h preoperatively followed by 5-10 mg morphine i.m. and 0.2-0.4 mg hyoscine i.m. 1 h before surgery. Anaesthesia was induced with midazolam 0.02-0.05 mg/kg i.v., fentanyl 10-15 mg/ kg i.v. and pancuronium 0.1 mg/kg i.v. and maintained with propofol 1.5 mg/kg per h. A further 4 mg midazolam and 4 mg pancuronium were added to the pump prime fluid.
The CPB unit incorporated a Dideco D703 (Sorin, Italy) hollow fibre membrane oxygenator with integral heat exchanger. During hypothermic CPB, core temperatures were reduced to 28.0-30.0°C. Pump flow during cooling and rewarming was adjusted according to a standardised protocol. Flow was indexed at 2.4 l/min per m 2 above 30.0°C, and 1.8 l/min per m 2 between 28.0-30.0°C. The perfusion pressure was maintained between 40 and 80 mmHg. Haematocrit on CPB was maintained above 25. Rewarming aimed to restore the patient's core temperature to 37.0°C before termination of CPB. One patient required administration of a vasoconstrictor while on CPB and was excluded from the study.
Operating theatre temperature varied between 20.0 and 24.0°C. Relative humidity was maintained between 30 and 50%. No heating/cooling mattress was used during the operation.
Systemic vascular resistance was calculated each minute in the rewarming phase of hypothermic CPB, using the equation:
where SVR is the systemic vascular resistance (dyne/s per cm 5 ), MAP is the mean arterial pressure (mmHg), RAP is the right atrial pressure (mmHg) andQ is the CPB circuit flow (l/min).
MAP and RAP was recorded at 1-min intervals from the radial arterial pressure and central venous pressure, respectively. CPB circuit flow was recorded from a continuous display on the CPB pump at 1-min intervals. The variables were recorded from the start of rewarming to the termination of cardiopulmonary bypass. The rewarming phase rather than the whole duration of CPB was chosen because peripheral vascular resistance increases progressively during rewarming and is thus a period when the differences between the two groups may be maximal. Time rewarming on bypass was the time from the start of rewarming to termination of CPB.
The use of vasoconstrictor drugs during weaning from cardiopulmonary bypass or in the immediate post-bypass period prior to arrival in the intensive care unit (ICU) was recorded. The decision to use vasoconstrictor drugs was made by a consultant anaesthetist unaware of the nature of the study. A vasoconstrictor or inotrope infusion was commenced during weaning from bypass or in the immediate post-bypass period in the presence of a low systolic blood pressure (Ͻ80 mmHg) despite adequate left (if measured) or right atrial filling pressures. Vasoconstrictor drugs included phenylephrine 100-500 mg boluses, dopamine 10-15 mg/kg per min, noradrenaline 1-20 mg/kg per min and adrenaline 0.1-1.0 mg/kg per min. For analysis of data, patients were classified as requiring or not requiring vasoconstrictor drug support during weaning from, or immediately after, termination of CPB.
Statistical analysis
Patient age, weight, body mass index (BMI), body surface area (BSA), volume of cold cardioplegia administered, rewarming time on bypass, ischaemic aortic cross clamp time and duration of CPB were compared between the two groups with non-paired t-tests. SVR and MAP were compared using non-parametric t-tests. The relationship between preoperative and operative variables and vasoconstrictor use was tested using logistic regression. Significance was taken as P Ͻ 0.05.
Results
A total of 62 patients were studied, 21 of which were on ACE inhibitors; seven on captopril, four on enalapril, five on lisinopril, four on ramipril, one on trandolapril. There was no significant difference between groups in patient characteristics, temperature parameters or duration of surgery (Table 1 ). There was no significant difference in anaesthetic or perfusion technique between the groups.
Significant differences were demonstrated between groups in MAP (control 56.3 mmHg; ACE 48.8 mmHg; P = 0.004) and SVR (control 1194 dyne/s per cm 5 ; ACE 978 dyne/s per cm 5 ; P = 0.006) during rewarming from hypothermic CPB ( Table 2 ). The standardised difference of SVR was 0.758 giving the study a power of 0.85 [7] . CPB pump flow rates did not differ between the two groups during rewarming (control 3.91 l/min; ACE 4.05 l/min; P = 0.26).
Rewarming time on bypass (P = 0.03), left ventricular function (P = 0.01), and preoperative ACE therapy (P = 0.0001) were significantly associated with vasoconstrictor use during weaning from CPB (logistic regression). On multiple logistic regression, rewarming time on bypass (P = 0.02), and ACE inhibitor therapy (P = 0.002) remained sig-nificant. Relative risk for vasoconstrictor drug support in patients treated with ACE inhibitors was 3.32 (95% confidence interval 1.43-7.71). Preoperative therapy with nitrates, b-blockers or calcium channel antagonists was not a significant predictor for inotrope requirements.
Discussion
This is the first study to demonstrate that preoperative oral ACE inhibitor therapy significantly lowers SVR during the rewarming phase of hypothermic CPB. Licker et al. investigated the effects of oral administration of ACE inhibitors on SVR during CPB and reported no difference in MAP and SVR between ACE and control groups. Further analysis revealed that only patients with well preserved left ventricular function were studied, an unusual distribution in modern day practice [10] . Furthermore the number of patients they recruited did not confer enough power in the study to draw meaningful conclusions [7] . Other studies have documented the haemodynamic effects of intravenously administered ACE inhibitors. Boldt et al described significantly lower SVR and MAP when intravenous enalapril, following induction of anaesthesia was administered before CPB, a difference which no longer existed following termination of CPB. In a separate study [8] they did not show any difference in SVR and MAP between groups when measured 20 min after the start of CPB. Boldt et al. also investigated the effects of intravenous enalapril administered during CPB and found that bolus administration of this drug significantly reduced both SVR and MAP within 10 min [9] . In all three studies, ACE inhibitors were administered intravenously and thus cannot be used to describe the effect in patients taking preoperative oral ACE inhibitors.
There was no significant difference in preoperative medication between the two groups other than ACE inhibitors. The same cardiopulmonary bypass parameters and anaesthetic drugs were administered perioperatively in the two groups. Differences in SVR during the rewarming phase can therefore be attributed to the ACE inhibitors. Conversely vasoconstrictor/inotrope requirements cannot be direct-ly correlated to any change in SVR because cardiac output was not measured when the requirement for the vasoconstrictor/inotrope occurred.
SVR is determined by non-vascular and vascular factors [5] . The main non-vascular factors include plasma haematocrit, plasma viscosity, temperature and pump flow rates on bypass. Principle vascular factors are vessel diameter and length, the number of vessels through which blood is flowing and the degree of pre-capillary shunting. The reninangiotensin system is a major determinant of SVR, controlling vessel diameter and pre-capillary shunting. After commencing CPB, SVR initially falls due to a sudden reduction in plasma viscosity caused by haemodilution. As CPB progresses, SVR increases due to an increase in plasma angiotensin II, a change that appears particularly marked during the rewarming phase of CPB [2, 11] . Bailey et al [1] have described increases in plasma renin activity during CPB and a 4-fold increase in aldosterone levels by the end of CPB. Similar findings were reported by De Leeuws et al [12] who documented a marked increase in angiotensin II and aldosterone levels during CPB, a change continuing into the postoperative period. Weinstein et al [13] noted a non- Results shown as mean ± SD. significant trend toward elevation of these variables during CPB and studies in dogs have shown an increase in angiotensin II associated with a increased SVR following a period of CPB [14] . The increase in renin and angiotensin II levels have not been found in all studies [15, 16] but this has been attributed to differences in pump flow and degree of induced hypothermia [17] . The activation of the renin-angiotensin system is thought to be of sufficient intensity to account for the postoperative hypertension seen in some patients following cardiac surgery [18] [19] [20] . Angiotensin converting enzyme inhibitors block the vasoconstrictive effects of angiotensin II, thereby reducing SVR throughout the vascular tree [3] . They have a vasodilating effect on large arteries such as the brachial artery [21] where they act to decrease forearm vascular resistance and increase forearm blood flow [3] . They also however affect smaller arteries, increasing blood flow in the kidney, skeletal muscle, limbs and skin [3, 4] . These effects have been observed with all ACE inhibitors and continue with longterm ACE administration [22] . We have demonstrated for the first time that preoperative ingestion of ACE inhibitors has a significant effect on vascular tone throughout cardiopulmonary bypass.
We also demonstrated a significant association between preoperative ACE inhibitor therapy and the requirement for vasoconstrictors/inotropes in the immediate postbypass period. We did not distinguish whether the observed hypotension was a result of low SVR or low cardiac output. These results are therefore limited in their interpretation. They are consistent however with previous studies showing that preoperative administration of ACE inhibitors increases postoperative requirements for vasoconstrictor therapy immediately following termination of CPB [6] .
Conclusion
The longer half-life of many of the newer ACE inhibitors and clinical considerations may make it impractical to stop ACE therapy in sufficient time before surgery. These medications alter SVR during the rewarming phase of CPB. Clinicians need to be aware of the haemodynamic changes caused by these drugs in the perioperative period and anticipate management accordingly.
